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Abstract 
Single-phase orthorhombic Ca2Si sintered compacts were synthesized by the spark plasma sintering technique. The electronic 
structures and Seebeck coefficient of Ca2Si were calculated using the first-principles total-energy calculation program. It was 
found that the Ca2Si compact showed a p-type conductivity of ~10-2 S/cm with an activation energy of 0.13 eV, and the 
experimental Seebeck coefficient is larger than 250 ȝV/K from 373K to 573K.
© 2010 Published by Elsevier B.V. 
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1. Introduction 
Recently, semiconducting silicides have attracted much attention as environmentally friendly materials which 
consist of non-toxic and abundant materials. Ca2Si is one of the alkaline-earth metal (AEM) silicides and is 
categorized in the materials group. The electronic structures of Ca2Si have been calculated and a direct transition 
was expected [1-3]. Though the Ca2Si showed semiconducting behavior [4], the semiconducting property of Ca2Si
has not been experimentally determined yet [5]. Previous work has shown that the single phase Ca2Si layers and 
bulk crystals were successfully grown [6-8]; however, it is difficult to grow large volumes of Ca2Si crystals because 
of the interdiffusion process limitation. Recently, orthorhombic Ca2Si bulk crystals were synthesized by heat 
treatment of Mg2Si powders under Ca vapor followed by a spark plasma sintering (SPS) technique.  
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In this paper, Ca2Si sintered compacts were synthesized by the SPS technique using Ca2Si powders with and 
without NaI. The electrical and thermoelectric properties of the Ca2Si compacts were examined. In addition, the 
first-principles analyses of the electronic structures and thermoelectric properties of the Ca2Si are also presented. 
2. Experimental 
Ca2Si powders were grown by heat treatment of Mg2Si powders under Ca vapor at 923K for 4h in a loosely 
sealed container in a vacuum chamber. The sintered compacts were synthesized using Ca2Si powders with and 
without NaI powder by the SPS technique at 573K at a pressure of 300 MPa for 20 min in a vacuum chamber. The 
compacts were synthesized into rectangular parallelepiped with a size A of 16h4h4 mm3 for high temperature 
electrical measurement, while the compacts were shaped into circular tablets with a size B of a diameter of ¶10 mm 
and length of 1~3 mm for thermal diffusivity and low temperature electrical measurement. 
The carrier concentration and carrier mobility of Ca2Si were evaluated by Hall measurements using the van der 
Pauw method. The Seebeck coefficient and conductivity were measured from 373K to 573K using a ZEM-1 
apparatus (ULVAC Co., Ltd.). Thermal conductivity (k) was measured using a TC-7000 apparatus (ULVAC Co., 
Ltd.) at room temperature (RT) and 373K. The electronic structures and Seebeck coefficient of Ca2Si were 
calculated using the first-principles total-energy calculation program [9] in pseudopotential schemes with plane-
wave basis functions.  
3. Results and Discussion 
Figures 1 (a), (b) and (c) show the calculated electronic band structure, the density of state (DOS) and the 
temperature dependence of Seebeck coefficient with the corresponding carrier densities of orthorhombic Ca2Si, 
respectively. It was calculated that the energy band gap was 0.31 eV for Ca2Si. Bisi et al. calculated the DOSs of 
Ca2Si using the linear-muffin-tin orbital (LMTO) method and concluded that Ca2Si is a semimetal [10]. It has been 
reported that the band gap of Ca2Si is 1.02 eV within the GWA, whereas it is only 0.30 eV within the density 
functional theory (DFT) [11]. This DFT value is in good agreement with the value of 0.35 eV reported by Migas et 
al. [2]. In addition, Ca2Si is predicted to have a direct band gap of 0.362 eV at ī [1].   
The Seebeck coefficient of silicides was calculated using the expression described in Ref. 13, with the 
corresponding carrier density assumed. Figure 1(c) shows that the Seebeck coefficient with 1×1016, 1×1017 and 
1×1018 cm-3 tends to be high above 400 μV/K at low temperature and then decreases sharply with increasing 
temperature. The Seebeck coefficient with a carrier density 5×1018 cm-3 and 1×1019 cm-3 increases with increasing 
temperature until about 500K and then decreases gradually with increasing temperature. The maximum value could 
reach above 300 μV/K. The Seebeck coefficient tends to become smaller with the increasing carrier density. A high 
Fig. 1 (a) the calculated electronic band diagram, (b) density of state and (c) temperature dependence of the Seebeck coefficient
with the corresponding carrier densities of orthorhombic Ca2Si.
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Seebeck coefficient with an appropriate carrier density around 1×1018 cm-3 and 1×1019 cm-3 would suggest that 
orthorhombic Ca2Si has a high potential for use as an efficient thermoelectric material at the middle temperature.   
Figure 2 shows the temperature dependences of conductivity of Ca2Si sintered compacts with and without NaI. It 
was found that the conductivity is significantly affected by the relative densities shown in Table. The effect of 
doping on the electrical resistivity of Ca2Si is not demonstrated at present. The low resistivity Ca2Si with doped 
impurities is under investigation. It was found that Ca2Si has a conductivity of around 10-2 S/cm at room 
temperature. At temperatures below 300 K, the conductivity decreases more slowly with temperature. It is thought 
that even though the sample contains many kinds of unidentified impurities, the carrier compensation would affect 
the electrical properties of the sample.  
The band gap of the orthorhombic Ca2Si has been calculated to be 0.30 eV [11], 0.362 eV [1], 0.35 eV [2], and 
0.31 eV [14]. In the measured high temperature range, the conductivity characteristics would be in or near the 
intrinsic region for Ca2Si with a small band gap of ~ 0.3 eV. The electrical measurement revealed that the activation 
energy of the conductivity was about 0.13 eV, about half of the calculated electronic band gap mentioned above. 
This is the first experimental evidence that orthorhombic Ca2Si has a semiconducting property in the range of 100K 
~ 573K and a small electronic band gap of ~ 0.3 eV as calculated. The room-temperature Hall measurements 
revealed that the carrier concentration and carrier mobility of Ca2Si were 1016 ~ 1017 cm-3 and 1 ~ 10 cm2/Vs,
respectively, and confirmed that Ca2Si showed p-type conduction.  
Figure 3 shows that the Seebeck coefficient is larger than 250 μV/K over the whole measurement temperature 
range. The polarity of the Seebeck coefficient under study is positive, indicating that hole conductivity is dominant 
[4]. Compared with the calculated result in Fig.1(c), the temperature dependence of the Seebeck coefficient of Ca2Si
without NaI corresponds to that calculated for the carrier concentration of 1×1019 cm-3, while Ca2Si with NaI is that 
for 5×1018 cm-3. Even the carrier concentration of the Ca2Si was 1016 ~ 1017 cm-3 at room temperature; the carrier 
concentration would increase with the increasing temperature in a higher temperature range.  
Fig. 2 The temperature dependences of conductivity of Ca2Si sintered compacts with and without NaI, accompanied by the
relativity density of the measured compacts. 
Fig. 3 The temperature dependences of the Seebeck coefficient of Ca2Si sintered compacts with and without NaI. 
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The thermal conductivity (k) result of a Ca2Si sintered compact is 2.31×10-2, 1.21×10-2 W/cmK at RT and 373K, 
respectively, as shown in Table 1. The value is the sum of the contributions from the lattice (kph) and electronic (kel)
components. The kel could be calculated using the Wiedemann-Franz law, kel=LoıT (Lo, Lorentz number 2.45×10-8
V2/K2; ı, electrical conductivity; T, absolute temperature). It is possible to calculate kph by subtracting kel from k. 
The result shows that kel is very small compared with kph and could be negligible. This means that the thermal 
conductivity of Ca2Si obtained is mainly influenced by kph [13, 15]. The dimensionless figure of merit ZT of a Ca2Si
sintered compact at 373K is calculated to be ~ 2×10-5.
It was interesting that orthorhombic Ca2Si had a higher Seebeck coefficient with p-type conduction. Although 
Ca2Si is more highly resistive and rather intrinsic at this moment, the carrier control of Ca2Si by impurity doping is 
now under investigation for application to p-type thermoelectric semiconductors. The simple bulk growth technique 
encourages us to fabricate low cost electronic devices using Ca2Si in the future.  
4. Conclusions  
The Ca2Si sintered compacts were synthesized by a SPS technique using the Ca2Si powders with and without NaI. 
The calculated Seebeck coefficient suggests that Ca2Si has high potential for use as an efficient thermoelectric 
material. The Ca2Si compact showed a p-type conductivity of ~10-2 S/cm with an activation energy of 0.13 eV 
between 373K and 573K, and the experimental Seebeck coefficient is larger than 250 ȝV/K over the whole 
measured temperature range. This is the first experimental report to characterize the electrical properties of bulk-
sized single-phase orthorhombic Ca2Si crystals. The results encourage us to clarify and improve the p-type 
semiconductor characteristics of group II metal silicides.  
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Table 1 The thermal conductivity properties of the Ca2Si sintered compact at RT and 373K.
Temperature (K) kph (W/cmK) kel (W/cmK) k (W/cmK) 
RT 2.31×10-2 2.32×10-7 2.31×10-2
373 1.21×10-2 8.26×10-8 1.21×10-2
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